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The purpose of this study was to test the hypothesis that 
vagal efferent nerves travel in the left ventricular sub-
endocardium in a base to apex direction. Efferent vagal 
stimulation during constant background isoproterenol 
infusion prolonged left ventricular endocardial and epi-
cardial effective refractory periods in a control state and 
after a left ventriculotomy performed while dogs were 
supported by cardiopulmonary bypass. After a 2 mm 
deep endocardial circumferential incision, efferent vagal 
stimulation still prolonged the effective refractory period 
at an endocardial site basal to the encircling endocardial 
incision, but no longer prolonged the effective refractory 
A cardiac lesion such as myocardial infarction can interrupt 
neural transmission (I) and render a noninfarcted part of 
the left ventricle unresponsive to both afferent and efferent 
autonomic stimulation, The extent and type of autonomic 
interruption depends on the nature and site of the injury as 
well as the location of the intraventricular pathway traveled 
by the autonomic fibers, Because the resulting autonomic 
imbalance may cause some cardiac arrhythmias (2), knowl-
edge of the intraventricular pathways traveled by afferent 
and efferent vagal and sympathetic fibers may be important. 
Recent experiments (3) with phenol topically applied to 
the left ventricular epicardium suggest that efferent sym-
pathetic fibers travel in the superficial epicardium in a base 
to apex direction and dive intramurally to innervate the 
endocardium. Afferent sympathetic fibers also may travel 
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period at the endocardium or immediately overlying epi-
cardium apical to the incision. 
Interpretation of these data suggests that efferent va-
gal fibers travel in the superficial subendocardium of the 
canine left ventricle in a base to apex direction, pene-
trating upward to innervate the epicardium. Conceiv-
ably, a lesion such as a subendocardial myocardial in-
farction could selectively interrupt efferent vagal 
innervation, leaving sympathetic innervation unop-
posed. This may be a source of some arrhythmias. 
(J Am Coll CardioI1985;5:290-6) 
along a similar superficial course (4), In contrast, epicardial 
application of phenol does not interrupt afferent (4) or ef-
ferent (3) vagal fibers unless the phenol is applied close to 
the atrioventricular (A V) groove at the base of the heart (5). 
These data suggest that efferent and afferent vagal pathways 
cross to the left ventricle in the superficial subepicardium 
at the A V groove, but then travel an intramural or, possibly, 
a subendocardial pathway (6) within the left ventricle, 
If this hypothesis is true, a circle of phenol applied to 
the endocardium should interrupt efferent vagal innervation 
within the circle and in the immediately overlying epicar-
dium in a manner similar to the interruption of sympathetic 
fibers when the phenol is applied to the epicardium (3), 
Similarly, a circumferential endocardial strip of phenol that 
"isolates" the apex should eliminate vagal innervation to 
the endocardium and overlying epicardium of the apex, 
To mimic the effects of applying a strip of phenol to the 
endocardium, we chose to test the effects of a superficial 
endocardial cut (Fig, I). Thus, the purpose of this s;udy 
was to determine whether an encircling incision only I to 
2 mm deep in the endocardium interrupted efferent vagal 
fibers to the canine left ventricular endocardium and to the 
immediately overlying epicardium on the apical side of the 
incision. This would test the hypothesis that vagal fibers 
travel in the endocardium of the left ventricle in a base to 
apex direction and penetrate upward to innervate the 
epicardium, 
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Figure l. Schematic illustration of the electrode sites and position 
of endocardial incision in a lateral cutaway view of the left ventricle . 
Methods 
Vagal stimulation. Experiments were performed on 
healthy mongrel dogs of either sex weighing 14 to 22 kg. 
The dogs were anesthetized with intravenous alpha chlor-
alose, 100 mg/kg, and maintained with additional amounts 
of 10 mg/kg per hour as needed. No measurements were 
made for at least 10 minutes after additional doses of alpha 
chloralose. The dogs were ventilated using a cuffed endo-
tracheal tube connected to a volume cycled respirator. A 
median sternotomy was performed and the heart was cradled 
in the opened pericardium by suturing the margins of the 
pericardium to the sternum. Both the right and left vagus 
nerves were isolated in the neck, doubly ligated and tran-
sected. During testing, the distal cut end of each vagus nerve 
was stimulated simultaneously using bipolar Teflon-coated 
silver wire hook electrodes embedded in the peripheral nerve 
with a pulse duration of 4 ms and at a supramaximal fre -
quency of 20 Hz. The current strength used to stimulate 
each vagus was 0.05 rnA greater than that required to produce 
asystole with right vagal stimulation and asystole or com-
plete A V block with left vagal stimulation . Between each 
intervention, the vagus nerves were stimulated separately 
to confirm their continued effect on the heart. The right 
femoral artery was used to monitor arterial pressure and the 
right femoral vein was used to administer drugs . 
Cardiopulmonary bypass. The dogs were placed on 
cardiopulmonary bypass using standard techniques. After 
heparin administration, the superior and inferior venae cavae 
were cannulated using large bore catheters placed via the 
right atrium. The azygos vein was ligated . The left ventricle 
was cannulated by a catheter passed through the left atrium. 
Venous blood was shunted into a reservoir primed with 100 
ml of crystalloid. Blood was collected from the reservoir, 
the left atrium and left ventricle and a suction catheter placed 
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in the chest cavity. After the blood was filtered and irrigated 
in a pediatric oxygenator with 100% oxygenation, the blood 
was peristaltically pumped to the femoral artery. Mean ar-
terial pressure was held within 20 mm Hg of the mean 
arterial pressure before establishing bypass by adjusting ve-
nous return and arterial flow rate. Vasopressors were not 
used . Arterial pH and partial pressures of oxygen (Poz) and 
carbon dioxide (Peo2) were monitored and held normal 
throughout the study by giving sodium bicarbonate intra-
venously or changing the minute ventilation. The heart tem-
perature was monitored in the posterobasal left ventricle, 
away from the ventriculotomy incision, using a plunge probe 
that recorded endocardial, myocardial and epicardial tem-
peratures simultaneously. Temperatures were held within 
36 ± OSC by covering the open chest with a plastic sheet 
and adjusting the proximity of a heating light over the wound. 
Effective refractory periods. Effective refractory pe-
riods were determined using the extrastimulus technique (3) . 
Stimuli were rectangular pulses of 1.8 ms duration at twice 
late diastolic threshold using cathodal stimulation. The an-
ode was a circular metal disc buried in the subcutaneous 
tissue. After a train of eight or more paced ventricular com-
plexes at a constant cycle length (S I S I)' a premature stim-
ulus (Sz) was introduced in late diastole. The SIS2 interval 
was decreased sequentially by 10 ms intervals until S2 failed 
to capture. After this, the SIS2 interval was increased by 9 
ms and sequentially decreased by I ms intervals until Sz 
failed to capture. The effective refractory period was mea-
sured at least twice for each site and was defined as the 
longest S)S2 interval at which S2 failed to produce ventric-
ular depolarization. If the repeat effective refractory period 
determination exceeded the first value by ± 1 ms, the data 
were discarded. 
Plunge electrodes were used 10 determine the effective 
refractory period at three locations on the anterior free wall 
of Ihe le}t ventricle. One endocardial electrode was located 
anterior and basal to the principal diagonal branch of the 
left anterior descending artery and was used as a control 
because it was affected by all the manipUlations except the 
endocardial incision. A second endocardial electrode was 
placed in the anterior apical region on the apical side of 
the anticipated site of the encircling endocardial incision; a 
corresponding epicardial electrode was placed directly above 
this endocardial electrode (Fig. I , cutaway view). 
Ventriculotomy and endocardial incision. The ven-
triculotomy was performed at the apex and extended pos-
teriorly in a plane parallel to the septum. After this , an 
endocardial incision I to 2 mm deep was made using a 
specially designed scalpel. This endocardial incision ex-
tended from the medial border of the ventriculotomy an-
teriorly to the left ventriculotomy border between the an-
terior basal and anterior apical endocardial electrodes. Thus, 
the encircling endocardial incision divided the basal endo-
cardial electrode from the apical endocardial and epicardial 
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electrodes (Fig. I). If our hypothesis was correct, the basal 
electrode site (control) would still respond to vagal stimu-
lation, whereas the apical endocardial and epicardial sites 
would not. 
Myocardial blood flow. To determine whether changes 
in regional blood flow occurred during the control state, 
after ventriculotomy and the encircling endocardial incision, 
regional myocardial blood flow was evaluated after each 
intervention using radiolabeled carbonized microspheres. 
Reference blood samples were withdrawn from the femoral 
artery catheter immediately before injection and were con-
tinued for 2 minutes after the injection. Microspheres were 
injected into the descending aorta through the femoral ar-
terial cardiopulmonary bypass cannula. 
At the completion of the protocol. the heart was fibril-
lated, washed thoroughly and placed in 20% formalin. 
Transmural samples were taken from areas where the left 
ventricular electrodes were placed and from control areas. 
These samples then were divided into endocardial and epi-
cardial portions, washed and placed in tubes. All samples, 
in addition to the pure isotope standard, were assayed for 
radioactivity at predetermined energy settings. Isotope to 
isotope interference coefficients were calculated and radio-
active counts converted into myocardial blood flow using 
the equation: 
MBF = (C,/TW) x (RBW/Cb) x 100, 
where MBF = myocardial blood flow in mllmin per 100 
g, Ct = tissue radioactivity in counts/min, TW = tissue 
sample weight in grams, RBW = reference blood with-
drawal rate in mllmin and Cb = total radioactivity in ref-
erence blood sample. The validity and limitations of the 
tracer miscosphere technique in the study of myocardial 
blood flow distribution have been established by several 
investigators (7-9). 
Protocol. After stabilization on cardiopulmonary by-
pass, control effective refractory period determinations were 
measured at the three electrode sites in each dog. Intrave-
nous isoproterenol infusion (0.05 JAg/kg per min) was given 
and continued throughout the study to provide a stable back-
ground of sympathetic tone (3). After the dog received iso-
proterenol for at least 15 minutes, effective refractory per-
iods were determined before and during vagal stimulation 
at all three sites. After this, the ventriculotomy was per-
formed and effective refractory periods were measured be-
fore and during vagal stimulation. This measurement was 
obtained to be certain that the ventriculotomy alone did not 
alter vagal innervation. Then the encircling endocardial in-
cision was made and effective refractory periods were re-
measured before and during vagal stimulation. At least 15 
minutes were allowed for stabilization after ventriculotomy 
and after the endocardial incision before refractory periods 
were measured. To minimize pump time, however, the iso-
proterenol infusion was not discontinued and restarted each 
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time. Therefore, we did not obtain control effective refrac-
tory periods in the absence of isoproterenol after ventricu-
lotomy and endocardial incision. 
Statistics. The changes in response to isoproterenol in-
fusion and vagal stimulation during the control state and 
after ventriculotomy and encircling endocardial incision were 
subjected to two-way analysis of variance for repeated mea-
sures and paired t test for statistical analysis. Data are ex-
pressed as mean ± I standard deviation. The significance 
of changes in regional myocardial blood flow were subjected 
to analysis of variance. 
Results 
Effective refractory periods. Nine dogs successfully 
completed the protocol. The changes in the effective re-
fractory periods with each intervention are shown in Figures 
2 to 4. Individual values are presented in Table I and mean 
values in Table 2. 
Before ventriculotomy, isoproterenol infusion shortened 
the effective refractory period at each electrode side, whereas 
concomitant vagal stimulation prolonged the effective re-
fractory period. Ventriculotomy lengthened the effective 
refractory period obtained at all electrode sites during iso-
proterenol infusion alone but, as before, concomitant vagal 
stimulation lengthened the effective refractory period. There 
was no significant change in the degree of vagal-induced 
prolongation of effective refractory period determined after 
ventriculotomy at each electrode site compared with before 
Figure 2. Effective refractory period (ERP) measurements at basal 
endocardial site above the endocardial incision. Open column, 
Control effective refractory period before isoproterenol infusion; 
cross-hatched column, effective refractory period dltring isopro-
terenol (Iso) infusion; stippled column, effective refractory pe-
riod during isoproterenol infusion and concomitant vagal stimu-
lation (+ Vag). Control = measurements before ventriculotomy; 
EEl = measurements after encircling endocardial incision; ven-
triculotomy = measurements after ventriculotomy. 
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Figure 3. Effective refractory period (ERP) measurements at the 
endocardium apical to the encircling endocardial incision. Abbre-
viations and format as in Figure 2. 
ventriculotomy, demonstrating that the ventriculotomy alone 
did not blunt the response to vagal stimulation during iso-
proterenol infusion. 
Encircling endocardial incision and effective refrac-
tory periods. After the encircling endocardial incision, ef-
fective refractory periods at each site during isoproterenol 
infusion remained unchanged. Vagal stimulation still pro-
longed effective refractory period at the basal endocardial 
electrode site (p < 0.01) (Fig. 2). Using the interaction term 
from the repeated measures analysis of variance as a measure 
of change in the effective refractory period difference be-
tween isoproterenol and isoproterenol plus vagal stimula-
tion, vagal stimulation prolonged the effective refractory 
Figure 4. Effective refractory period (ERP) measurements at the 
epicardium apical to the encircling endocardial incision. Abbre-
viations and format as in Figure 2. 
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period at this basal site as much after the encircling endo-
cardial incision as it did before. In contrast, the effective 
refractory period at both the apical endocardial (Fig. 3) and 
epicardial (Fig. 4) sites showed no significant increase dur-
ing vagal stimulation. At both apical sites, the interaction 
term showed a significant change in the differences between 
isoproterenol and isoproterenol plus vagal stimulation before 
and after encircling endocardial incision, demonstrating a 
loss of vagal effect after endocardial encircling incision. 
The encircling endocardial incision itself did not increase 
the effective refractory period during isoproterenol admin-
istration (Tables I and 2). 
Myocardial blood flow. Although regional myocardial 
blood flow tended to increase after ventriculotomy and de-
crease after encircling endocardial incision, neither vaiue 
reached statistical significance (Table 3). Most important, 
analysis of variance showed that all sites changed similarly, 
and therefore alterations in blood flow could not account 
for the differences in change in the effective refractory pe-
riod between electrode sites. 
Postmortem gross examination of the heart confirmed 
that the endocardial incision was approximately I to 2 mm 
deep and that it isolated the apical electrode positions from 
the basal electrode. The trabeculated left ventricular en-
docardium created small pockets of tissue that were not 
incised, but in general the circumference of the cut was of 
uniform depth. None of the electrodes appeared disturbed 
by the procedure. 
Discussion 
Major new findings. In this study, we demonstrated 
that a superficial encircling endocardial incision only I to 
2 mm deep eliminated vagal-induced prolongation of ef-
fective refractory period at endocardial electrode sites apical 
to the cut, as well as at electrode sites in the epicardium 
immediately overlying the tested endocardial site. Endo-
cardial sites basal to the cut still showed effective refractory 
period prolongation during vagal stimulation and served as 
controls to eliminate the possibility that the ventriculotomy, 
time or factors other than the endocardial incision could 
explain the results. It is unlikely that such a shallow en-
docardial incision affected epicardial innervation unless it 
interrupted neural transmission traveling along the endo-
cardium enroute to innervating the epicardium. Thus, inter-
pretation of these data suggests that vagal efferent fibers 
travel in the superficial endocardium of the left ventricular 
free wall in a base to apex direction and penetrate upward 
to innervate the epicardium (Fig. 5). 
Ventriculotomy alone, hefore the encircling endocardial 
incision, did not alter the extent of vagal-induced prolon-
gation of effective refractory period, but did lengthen the 
control effective refractory period during isoproterenol 
administration. It is possible that left ventricular decompres-
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Table 1. Individual Changes in Effective Refractory Period at Each Site During Isoproterenol Infusion and Vagal Stimulation After 
Ventriculotomy and Encircling Endocardial Incision 
Ventriculotomy EEl 
Dog Site Control Iso + Vag Iso +Vag Iso + Vag 
Apical En 142 125 134 131 135 12~ 128 
Apical Ep 148 121 126 123 127 125 126 
Basal En 152 137 141 134 137 130 134 
2 Apical En 148 135 155 144 152 148 145 
Apical Ep 144 135 141 139 144 144 146 
Basal En 152 140 146 144 148 145 158 
3 Apical En 155 132 140 145 148 148 152 
Apical Ep 165 130 142 145 146 14~ 152 
Basal En 160 140 144 150 155 150 153 
4 Apical En 135 112 130 126 128 132 133 
Apical Ep 136 110 134 135 142 130 129 
Basal En 147 126 124 136 146 122 129 
5 Apical En 140 131 138 124 140 135 137 
Apical Ep 133 128 133 124 132 131 130 
Basal En 140 130 143 133 137 138 144 
6 Apical En 148 138 142 134 140 144 145 
Apical Ep 148 134 13~ 136 144 143 146 
Basal En 150 137 143 138 140 143 14~ 
7 Apical En 138 130 136 150 155 140 142 
Apical Ep 140 133 139 146 150 138 137 
Basal En 142 136 142 138 142 135 138 
8 Apical En 133 126 129 135 135 141 138 
Apical Ep 130 125 130 137 139 144 146 
Basal En 132 128 131 133 136 138 140 
9 Apical En 148 136 141 152 156 155 154 
Apical Ep 145 136 140 151 155 154 154 
Basal En 150 140 144 151 155 154 158 
Values are in milliseconds. EEl encircling endocardial incision; En = endocardium; Ep epicardium; Iso isoproterenol alone; + Vag 
isoproterenol plus vagal stimuiation. 
sion altered geometry or stretched ventricular muscle fibers prolongation of ventricular effective refractory period de-
and was responsible for such a change. pends, at least in part, on the presence of prevailing sym-
Possible limitations of study design and model. The pathetic tone, we infused isoproterenol during vagal stim-
study is limited for several reasons. Because vagal-induced ulation to provide a stable background of sympathetic tone. 
Table 2. Effects of Ventriculotomy and Encircling Endocardial Incision on Changes in Effective 
Refractory Period Produced by Isoproterenol Infusion and Vagal Stimulation 
Control 
Isoproterenol 
Isoproterenol plus vagal stimulation 
Isoproterenol 
Isoproterenol plus vagal stimulation 
Isoproterenol 
Isoproterenol plus vagal stimulation 
Electrode Site 
(I) Apical (2) Apical 
Endocardial ERP Epicardial ERP 
143 ± 8 143 ± 9 
128 ± 8* 129 ± 8*l 
138 ± 8* 136 ± 5* t 
137 ± oJ Ventriculotomy 139 ± 10 J 
143 ± 10* 142 ± 9* 
Encircling Endocardial Incision 
141 ± 9 
141 ± 8 
140 ± 9 
141 ± 10 
(3) Basal 
Endocardial ERP 
148 ± 9 
135 ± ''] 40  7* t 
140 ± 7 
144 ± 7* 
139 ± 10 
145 ± 10* 
* = p < 0.001; t = p < 0.01. The change in effective refractory period induced by vagal stimulation 
was significantly different between apical (I + 2) and basal (3) sites only after encircling endocardial incision 
was performed. 
I
l c
8
8
8
J
t
9
135 ± 8*J
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Table 3. Effects of Encircling Endocardial Incision on Regional Myocardial Blood Flow 
Regional Myocardial Blood Flow (mlimin per 100 g) 
Area Within Encircling 
Endocardial Incision 
Area Outside Encircling 
Endocardial Incision 
Endocardium 
Control 63 ± 2') 
Ventriculotomy 74 ± I') 
Encircling endocardial incision 50 ± 17 
Isoproterenol is a fairly pure beta-adrenergic receptor ag-
onist and does not duplicate all the effects of the naturally 
released norepinephrine. However. it exerts minimal blood 
pressure effects and has been used successfully in similar 
experiments (10). It may change the number of beta-adre-
nergic receptors, however. 
Vagal stimulation under these conditions prolonged er 
fective refractory period hv onlv 3 to 4% of the total effective 
refractory period. which is consistent with previous obser-
vations (3.5.11,12). However. it is possible that vagally 
mediated increases in effective refractory period would have 
been greater if vagal stimulation opposed an increase in 
sympathetic neural stimulation rather than the effects of the 
infused beta-receptor agonist (10). We did not stimulate the 
stellate ganglia to minimize the technical complexities dur-
ing cardiopulmonary bypass. In this regard, it would have 
been of interest to test the effects of encircling endocardial 
incision on effective refractory period changes produced by 
stellate ganglia stimulation or on afferent reflexes produced 
by nicotine and bradykinin application (4). but this was not 
done to keep the experiment during cardiopulmonary bypass 
as simple as possible. 
It is possihle that the encircling endocardial incision 
resulted in regional ischemia which prevented effective re-
Figure 5. Schematic illustration of vagal and sympathetic path-
ways in the left ventricular free wall, depicting efferent sympathetic 
fibers traveling from base to apex in the epicardium (upper hor-
izontal arrow) and diving to innervate the endocardium (upper 
curved arrow) and efferent vagal fibers traveling from base to 
apex in the endocardium (lower horizontal arrow) and penetrating 
upward to innervate the epicardium (lower curved arrow). The 
vertical line near the lower curved arrow indicates the approx-
imate site of the endocardial incision. 
SYMPATHETIC 
I 
BASE 
- -----;~~~~~i~~,~ 
VAGAL EFFERENT FI BERS 
Epicardium Endocardium Epicardium 
6X ± 21 50 ± 23 44 ± IX 
5X ± 16 76 ± 20 X4 ± 31 
4') ± 20 57 ± 17 73 ± 25 
fractory period prolongation in response to vagal stimula-
tion. This is not likely on the basis of the blood flow data 
and the fact that the epicardium would probably not become 
ischemic secondary to a superficial endocardial cut. The 
effects of cardiopulmonary bypass on the ventriculotomy 
alone did not alter vagal responsiveness because vagal stim-
ulation still prolonged ventricular effective refractory period 
at the endocardial site basal to the cut. 
The endocardial effective refractory period during iso-
proterenol administration afier the endocardial incision in-
creased insignificantly (Fig. 3). It could be argued that the 
refractory period after the endocardial incision was at its 
upper limits and could not lengthen any further during vagal 
stimulation. Although this is theoretically true, such rea-
soning would not explain the lack of vagal-induced refrac-
tory period increase in Dogs I. 7 and 9, since these dogs 
did not increase their refractory period after the endocardial 
incision, The lack of increase in epicardial refractory period 
after the endocardial incision also is consistent with our 
hypothesis. 
Conclusions. These data demonstrate that a superficial 
endocardial lesion can interrupt efferent vagal effects on 
ventricular effective refractory period in the endocardium 
and overlying epicardium apical to the cut. Such findings 
are consistent with previous reports that painting the epi-
cardium of the left ventricular free wall with phenol failed 
to interrupt efferent vagal-induced prolongation of the ef-
fective refractory period (3) unless the circle was large or 
unless the phenol was applied to the A V groove (5), We 
conclude that efferent vagal fibers may cross superficially 
in the A V groove enroute to the ventricle. but subsequently 
penetrate the myocardium and travel in the left ventricular 
endocardium, branching upward to innervate the epicar-
dium. They can be interrupted by a shallow endocardial 
incision. In contrast, sympathetic efferents apparently travel 
in the epicardium and dive to innervate the endocardium 
(3). It is possible that lesions such as a subendocardial 
myocardial infarction selectively interrupt efferent vagal in-
nervation and leave sympathetic innervation unopposed. This 
may be a source of some cardiac arrhythmias, 
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